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1. INTRODUCTION {#trc212017-sec-0050}
===============

Cognitive and functional losses accumulate with age and lead to increased dependency on caregivers for assistance with activities of daily living (ADLs).[^1^](#trc212017-bib-0001){ref-type="ref"}, [^2^](#trc212017-bib-0002){ref-type="ref"}, [^3^](#trc212017-bib-0003){ref-type="ref"}, [^4^](#trc212017-bib-0004){ref-type="ref"} Caregivers are an under‐recognized pillar upon which our entire health‐care system is built[^5^](#trc212017-bib-0005){ref-type="ref"}, [^6^](#trc212017-bib-0006){ref-type="ref"}, [^7^](#trc212017-bib-0007){ref-type="ref"} but the components of effective caregiving remain poorly understood. Further, the mechanisms by which caregiving improves patient outcomes, the characteristics of strong and effective caregiver/recipient interactions, and whether the "secrets'' of successful caregiving can be taught to others are unknown.

We have little insight into the day‐to‐day, hour‐by‐hour activities of care dyads. This information, at high temporal and spatial resolution, is valuable for clinicians supporting community dwelling persons with dementia (PWDs) and their caregivers. A clinician\'s understanding of a dyad\'s day‐to‐day life better informs care team efforts to troubleshoot difficulties. For example, access to circadian patterns of daily activity and lifespace may facilitate early detection and identification of functional losses at a time when interventions may delay or prevent further decline.[^8^](#trc212017-bib-0008){ref-type="ref"}, [^9^](#trc212017-bib-0009){ref-type="ref"} The time required to interview a caregiver and obtain this kind of detailed information may be prohibitive under current practice models. If clinicians could visualize a dyad\'s daily life structure (or lack thereof), then a more informed and efficient conversation could occur during an encounter. Personalized caregiver data can support objective qualitative and quantitative feedback regarding clinical interventions performed as part of both day‐to‐day clinical care and single subject randomized controlled trials. In fact, it has recently been argued that dementia research might be better suited for single subject clinical trials given the complexity and individuality of each PWD.[^10^](#trc212017-bib-0010){ref-type="ref"}, [^11^](#trc212017-bib-0011){ref-type="ref"}

Dementia care requires highly individualized treatment. An N‐of‐1 study (single subject clinical trial[^12^](#trc212017-bib-0012){ref-type="ref"}) is designed for data‐driven, patient‐centered decision making. N‐of‐1 trials "consider an individual patient as the sole unit of observation in a study investigating the efficacy or side‐effect profiles of different interventions."[^13^](#trc212017-bib-0013){ref-type="ref"} Health providers often have limited ability to gather objective data regarding a PWD outside of the clinic. Remote functional monitoring (FM) would allow clinicians to gather sufficient high‐quality objective data in a cost‐effective manner. We present here the use of remote FM as a method for gathering and displaying finely detailed data for the purposes of performing clinically relevant N‐of‐1 studies in dementia care.

We have recently described a system to measure activity and lifespace in persons with different stages of Alzheimer\'s disease (AD) who received daily caregiving.[^14^](#trc212017-bib-0014){ref-type="ref"} We focused on activity and lifespace given their association with improved health outcomes. Physical activity (PA) has been shown to benefit persons with mild cognitive impairment (MCI), AD, and other neurodegenerative disorders (albeit, see Sink et al.[^15^](#trc212017-bib-0015){ref-type="ref"}). For example, meta‐analysis of 13 randomized controlled trials with 673 total subjects confirmed the value of moderate PA on memory in patients with AD.[^16^](#trc212017-bib-0016){ref-type="ref"} A different meta‐analysis of 41 smaller clinical trials encompassing 1,696 subjects also found a significant positive association between PA and cognition.[^17^](#trc212017-bib-0017){ref-type="ref"} Accelerometry data obtained from a Framingham cohort of 2,354 participants determined that every hour of light‐intensity PA was associated with higher brain volumes as measured by magnetic resonance imaging (MRI).[^18^](#trc212017-bib-0018){ref-type="ref"} Similarly, Makizako et al.[^19^](#trc212017-bib-0019){ref-type="ref"} used accelerometers to quantify activity level in people with MCI, and found that moderate intensity exercise was associated with larger hippocampal volumes. In a complementary fashion, lifespace---a measure of an individual\'s daily excursions from the home with or without an assistive device---reflects many outcomes of critical importance in the care of persons with dementia including mobility,[^20^](#trc212017-bib-0020){ref-type="ref"}, [^21^](#trc212017-bib-0021){ref-type="ref"}, [^22^](#trc212017-bib-0022){ref-type="ref"}, [^23^](#trc212017-bib-0023){ref-type="ref"}, [^24^](#trc212017-bib-0024){ref-type="ref"} functional status,[^25^](#trc212017-bib-0025){ref-type="ref"}, [^26^](#trc212017-bib-0026){ref-type="ref"}, [^27^](#trc212017-bib-0027){ref-type="ref"}, [^28^](#trc212017-bib-0028){ref-type="ref"}, [^29^](#trc212017-bib-0029){ref-type="ref"}, [^30^](#trc212017-bib-0030){ref-type="ref"} quality of life,[^31^](#trc212017-bib-0031){ref-type="ref"}, [^32^](#trc212017-bib-0032){ref-type="ref"}, [^33^](#trc212017-bib-0033){ref-type="ref"} probability of nursing home placement,[^34^](#trc212017-bib-0034){ref-type="ref"}, [^35^](#trc212017-bib-0035){ref-type="ref"}, [^36^](#trc212017-bib-0036){ref-type="ref"} and morbidity/mortality.[^9^](#trc212017-bib-0009){ref-type="ref"}, [^37^](#trc212017-bib-0037){ref-type="ref"}, [^38^](#trc212017-bib-0038){ref-type="ref"}, [^39^](#trc212017-bib-0039){ref-type="ref"}, [^40^](#trc212017-bib-0040){ref-type="ref"}

RESEARCH IN CONTEXT {#trc212017-sec-0060}
-------------------

Systematic review: Little is known about day‐to‐day factors influencing the lives and functioning of persons with dementia (PWD) and their informal caregivers (dyads) in the community setting. To address this important issue, we examine patterns of physical activity (PA) and lifespace of two representative subjects as collected by our functional monitoring system over a 15‐month duration.

Interpretation: Our findings demonstrate that caregivers have the potential to strongly influence day‐to‐day PA and lifespace in PWD. This technology is also appropriate for evaluating patient adoption of lifestyle modification advice. Ultimately, this novel approach to dementia care may be a powerful tool to facilitate provision and effectiveness of patient‐centered care plans.

Future directions: Future research should include (1) integrating GIS information into patterns of dyad lifespace (2) concurrent measurement of caregiver and PWD activities (3) using activity patterns to develop evidence based support strategies for care dyad health and (4) creating early warning detection algorithms to identify tipping points for intervention.

Subjects were selected from Care Ecosystem, a clinical trial to examine novel approaches that improve dementia care, lower caregiver burden and stress, and manage health‐care resources.[^41^](#trc212017-bib-0041){ref-type="ref"} To accomplish this task, we repurposed Sony SW2 SmartWatches to collect step count/activity data and MotoG 16 Gb SmartPhones to collect lifespace data, and developed a secure, cloud‐based infrastructure to transmit, database, and analyze these data streams.[^8^](#trc212017-bib-0008){ref-type="ref"}, [^14^](#trc212017-bib-0014){ref-type="ref"} We obtained at least 10 hours of daily subject activity and lifespace data, over \>15 months, for multiple PWDs. Subjects wore the SmartWatch on a daily basis, while the caregiver kept the SmartPhone nearby. Examination of subject activity and lifespace temporal patterns revealed many instances in which caregivers were likely the major factor structuring subject behavioral patterns. In this article, we provide a detailed overview of these temporal patterns of activity and lifespace in two persons with AD, with additional annotation from caregivers to further interpret these measures.

2. METHODS {#trc212017-sec-0070}
==========

2.1. Subjects {#trc212017-sec-0080}
-------------

We selected 2 from the 27 dyads undergoing FM. One dyad had been appreciated by the study team to be extremely diligent in their adherence to the data collection protocol; they were included to represent the "ceiling" of what this approach currently may yield. The other dyad was chosen to reflect the average user\'s experience regarding this data collection approach.

Where subjects were judged to have capacity for consent, both caregiver and PWD provided informed consent. Where subjects were known to lack capacity for consent, we obtained caregiver and legally authorized representative (LAR) consent. Capacity for consent was evaluated annually. Subjects who lost the capacity for consent were reconsented by LAR. This study was performed under close Institutional Review Board supervision at the University of Nebraska Medical Center.

2.2. Activity and lifespace data collection {#trc212017-sec-0090}
-------------------------------------------

As detailed in Zylstra et al.,[^14^](#trc212017-bib-0014){ref-type="ref"} subjects wore a SmartWatch2 SW (Sony) with an intrinsic 3D accelerometer used to derive step count at 15 minute resolution. We used step count as a surrogate for overall activity. Caregivers kept a MotoG 32 Gb (Motorola) SmartPhone that received SmartWatch data and (upon detection of movement) acquired Global Positioning System (GPS) coordinates measuring lifespace at 1 minute resolution. The SmartPhone transmitted both step count and GPS data through a secure cloud‐based infrastructure to our study servers, where they were stored in a MySQL database. Both step count and GPS data underwent automatic quality control evaluation to identify outliers, which constituted \<1% of all data collected.

2.3. Clinical data collection and interviews {#trc212017-sec-0100}
--------------------------------------------

After provision of informed consent, the Care Ecosystem study team[^41^](#trc212017-bib-0041){ref-type="ref"} obtained health‐care records (including neuropsychological, laboratory, and imaging results), and scheduled telephone or face‐to‐face interviews with the dyad to obtain detailed descriptions of their evolving day‐to‐day caregiving efforts.

2.4. Data visualization {#trc212017-sec-0110}
-----------------------

We wrote code using MATLAB (Mathworks, Natick, MA, USA) to show daily step counts as raster plots in polar coordinates. GPS data were imported into the website [www.gpsvisualizer.com](http://www.gpsvisualizer.com) to create maps of monthly lifespace. We used drawing software (Adobe Illustrator) to create perspective views of these maps.

3. RESULTS {#trc212017-sec-0120}
==========

The first subject was a 73‐year‐old white woman with advanced AD. In 2004, she was first evaluated for a 2‐year history of gradually progressive short‐term memory loss. Her medical history was significant for Charcot‐Marie‐Tooth disease, mild depression, migraine headaches, obstructive sleep apnea, bilateral knee arthritis, and osteoporosis. She had a doctorate level education and a family history of AD. Her full‐scale IQ was estimated at 113, verbal IQ 119, and performance IQ 103. She had normal letter verbal fluency, impaired categorical fluency, and difficulties with planning and reproduction of a complex figure. Her verbal immediate recall was in the 42nd percentile; however, her verbal delayed recall was in the 18th percentile. Her visual immediate recall was in the 50th percentile, and her visual delayed recall was in the 27th percentile. MRI imaging of the brain and laboratory assessments (including thyroid‐stimulating hormone \[TSH\] and vitamin B12 levels) were unremarkable.

Neuropsychological examination in 2007 suggested significant progression of her cognitive amnestic phenotype. Driving evaluation in 2010 suggested that she could not safely operate a motor vehicle. During this period, she was hospitalized once for atrial fibrillation and once for surgical repair of a wrist fracture after a fall.

At study enrollment in November 2015, she could not recognize one of her sons, became agitated in unfamiliar situations, had decreased alertness in the late afternoon, and wandered at night. She remained continent of bowel and bladder. She had moderate dementia severity by Quick Dementia Rating System (QDRS) of 12.5 (4.5 cognitive, 8 behavioral).[^42^](#trc212017-bib-0042){ref-type="ref"} Behavioral screening (based on major categories of the Neuropsychiatric Inventory),[^43^](#trc212017-bib-0043){ref-type="ref"} was negative for delusions, hallucinations, agitation, aggression, euphoria, disinhibition, repetitive behaviors, and positive for weight gain, irritability, apathy, and generalized anxiety. The Apathy Evaluation Scale, Clinician Version (AES‐C),[^44^](#trc212017-bib-0044){ref-type="ref"} score was 35, suggesting significant apathy. Mini Mental Status Examination (MMSE) score in August 2016 was 4/30. Her medications included sertraline, trazadone, melatonin, memantine, aspirin, metoprolol, omeprazole, fexofenadine, calcium with vitamin D, multivitamin, fish oil, lactobacillus, and alendronate. Cholinesterase inhibition had previously caused intolerable gastrointestinal side effects.

After her husband died in 2007, her 37‐year‐old son, a successful university educated graphic designer, moved to be her in‐home caregiver. At time of study enrollment, he self‐reported his health as good and denied any chronic medical conditions. He estimated spending 69 hours per week providing care. Local respite services also provided care for approximately 15 hours per week. He reported significant caregiver burden (28/48 on 12‐item Zarit Burden Score),[^45^](#trc212017-bib-0045){ref-type="ref"} did not report symptoms of major depression (3/9 items positive on PHQ‐9), and self‐reported high levels of self‐efficacy (18/20).[^46^](#trc212017-bib-0046){ref-type="ref"}, [^47^](#trc212017-bib-0047){ref-type="ref"} However, formal assessment of social support[^48^](#trc212017-bib-0048){ref-type="ref"} suggested that he had a relatively sparse social network to rely upon. He also reported poor sleep quality (5/24 score on Pittsburgh Sleep Quality Index \[PSQI\]).[^49^](#trc212017-bib-0049){ref-type="ref"}

Figure [1](#trc212017-fig-0001){ref-type="fig"} displays this subject\'s patterns of activity (raster plots per[^50^](#trc212017-bib-0050){ref-type="ref"}) and lifespace and indirectly reveals how caregiver actions shaped and structured the subject\'s daily life. We aggregated over 42,800 PA data points and over 154,500 lifespace data points over 15 months of near continuous subject observation. The shift in activity onsets that occurred in October 2016 and in March 2017 is attributable to shifts between Central Daylight and Central Standard time. Figure [1A](#trc212017-fig-0001){ref-type="fig"} shows that the caregiver woke his mother at the same time every day as displayed by the occurrence of activity onsets starting at 08:30 military time on any of the four polar raster plots. The regular occurrence of a radial line of SmartPhone/SmartWatch connectivity but no PA (depicted in pink) at 11:30 am corresponded with the subject\'s lunch. A 45‐ to 60‐minute period of inactivity starting around 13:00 to 13:30 (delineated across the four raster plots) corresponded to her afternoon nap.

![Fifteen‐month activity rasters and lifespace trajectories for subject 1. A, Subject daily activity over time. Clock times are military, starting/ending at midnight. Each concentric circle represents 1 day of data collection. Early days of data collection are depicted as inner circles; later days of data collection are depicted as outer circles. Stepcount values as shown in legend and coded per colormap. The large clock on the left depicts 15 months of data collection; the smaller three clocks each depict 5 months of data spanning from August 1, 2016 to December 31, 2016 (top); January 1, 2017 to May 31, 2017 (middle); and June 1, 2017 to October 31, 2017 (bottom). B, Lifespace over 1 month epochs. Calculated from Global Positioning System (GPS) positions obtained from days for which data are available. The isometric lifespace planes are oriented to facilitate reading. The map\'s top corresponds to north and the map\'s right edge corresponds to east. Lifespace trajectories in red points; each plane depicts another month of data. Subject home depicted by the thin vertical line. Calendars adjacent to each monthly lifespace plane show days that contributed to the overall lifespace; dates blotted out by a black circle indicate no subject data for that day (likely due to subject/caregiver factors, such as not remembering to charge devices or keep cellphone on person); dates blotted out by a red circle indicate data loss due to infrastructure problems. Distance calibration provided next to plot](TRC2-6-e12017-g001){#trc212017-fig-0001}

The subject\'s overall circadian activity significantly decreased in mid‐February 2017 with no return to her prior baseline. This change is best appreciated by comparing clock "slices" between 12:00 and 16:00 for activity data collected between August 1, 2016 through December 31, 2016 (top small raster plot) and January 1, 2017 through May 31, 2017 (middle small raster plot). Clinical review and caregiver interview revealed no change in subject health or caregiving routine. There was no record of fall(s), worsening delirium, dizziness, worsening gait, or other geriatric syndromes. Finally, no activity data were acquired for 10 days after August 4, 2017. This period corresponded to physician‐advised bedrest after diagnosis of a lumbar compression fracture.

In contrast to her activity onsets, there is a more ragged pattern of activity offsets. The irregular timing of activity offsets can be appreciated in all four raster plots. By caregiver report, his mother usually began experiencing reduced alertness and cognition around this time. After dinner (≈17:30), her caregiver started her bedtime routine. No information regarding awakenings and sleep disturbances was collected because the Smart Phone/SmartWatch were being charged at night.

The dyad\'s measured lifespace (binned in one‐month intervals) is depicted in Figure [1B](#trc212017-fig-0001){ref-type="fig"}. An Android update broke data collection in September 2016, leading to incomplete lifespace acquisition for this month. Since the subject could not drive, this lifespace fully reflects the caregiver\'s role in shaping her day‐to‐day excursions. Note that all the monthly lifespaces were essentially superimposable on one another (lifespace data collected in September 2016 also superimposes on these months, with regions of incomplete overlap). This finding indicates the caregiver structured this subject\'s life on a regular, repeatable, near daily basis regardless of seasonal climate changes (Table [1](#trc212017-tbl-0001){ref-type="table"}).

###### 

Outside‐the‐home excursions for subjects 1 and 2

                   Subject 1   Subject 2                  
  ---------------- ----------- ----------- ---- ---- ---- ----
  August 2016      27          30          1    14   22   1
  September 2016   1           1           29   0    1    29
  October 2016     23          25          5    11   30   1
  November 2016    26          28          1    4    30   0
  December 2016    27          31          0    2    25   6
  January 2017     30          31          0    1    31   0
  February 2017    12          19          12   10   19   9
  March 2017       29          31          0    2    16   15
  April 2017       28          30          2    8    30   0
  May 2017         28          30          1    7    18   13
  June 2017        28          29          1    10   11   19
  July 2017        23          17          4    13   19   12
  August 2017      30          31          0    19   27   4
  September 2017   28          29          1    26   30   0
  October 2017     26          29          2    26   31   0

Values manually curated by examining daily lifespace trajectories. Each trip starts and ends at subject home.

John Wiley & Sons, Ltd.

However, her lifespace decreased with time, especially after June 2017, reflecting a growing inability to participate in outside activities. Per caregiver report, she could not attend her usual adult day program (indicated by the trajectories forming a square near the top and left corners of each plane) after June 2017 because of dementia progression. She changed to a different day program (between top and bottom right corners of each plane). After July 2017, the dyad no longer traveled to church (near the bottom corner of each plane), because she could not sit through the service. QDRS obtained in November 2017 revealed a score of 24 (10 cognitive, 14 behavioral; both significant increases from her enrollment QDRS). Ultimately, with the subject\'s functional and cognitive decline and increasing care needs, the caregiver sought nursing home placement in January 2018.

The second subject was a 74‐year‐old white woman with mild to moderate AD. Her medical history included bilateral cataract removal, total hip replacement, cholecystectomy, and hysterectomy. She had a family history of dementia and sensorineural hearing loss. She earned a bachelor of science degree in nursing and worked as a clinical psychologist. She never smoked, drank, or used illicit drugs.

She was first evaluated for memory loss after a concussion without loss of consciousness in September 2009. In the days after the concussion, her husband noted that she was more withdrawn and had difficulty operating household items such as a microwave oven. Neurologist evaluation (including MRI) was unremarkable except for MMSE score of 21/30. Within a week of the concussion her cognition returned to prior baseline per family report.

Her husband noticed a more subtle cognitive decline over the first 10 months of 2014. She began having difficulty writing checks and using a computer. She stopped reading and self‐curtailed her driving. Normally outgoing, she became shy and quiet. Neurology evaluation revealed short‐term memory and word‐finding deficits (MMSE was 18/30, with errors in orientation, registration, attention, calculation, recall, and language). Basic laboratory testing was unremarkable. Positron emission tomography (PET) scan revealed decreased glucose uptake throughout the right parietal cortex consistent with AD. The dyad decided to move to an assisted living facility (ALF) to be closer to family.

At study intake in May 2016 her QDRS score was 10 (4 cognitive, 6 behavioral). Behavioral screening was negative other than symptoms of apathy, irritability, craving for sweets, and trouble sleeping. Her AES‐C score was 59, indicating marked apathy. Her medications included donepezil, memantine, niacin, calcium, magnesium oxide, vitamin B12, tolterodine, and a multivitamin.

The subject\'s husband had been her primary caregiver since the initial symptom onset. He had a master\'s level education with a career in public television. He reported a personal history of hypertension, gastric reflux, and hormonal therapy for non‐metastatic prostate cancer. At time of study intake he and his wife resided together in an ALF, and he estimated spending 7 hours per week on her care. They received no respite or adult day health services. He reported low caregiver burden (6/48 on 12‐item Zarit Burden Score), did not report symptoms of major depression (0/9 items positive PHQ‐9), and self‐reported moderate levels of self‐efficacy (9/20). His social support network was limited to their two adult children and cousins who lived locally. He had not cultivated any relationships within the ALF. He reported no decline in sleep quality (PSQI score 1/24).

Figure [2A](#trc212017-fig-0002){ref-type="fig"} shows that the subject had overall low levels of baseline activity. We aggregated over 41,300 PA data points and over 119,700 lifespace data points over 15 months of near continuous subject observation. Again, shifts to and from Central Daylight/Standard time occurred during data collection. The earliest activity onsets corresponded to about 10:00 am (showering and dressing). We did not capture her breakfast meal at 7:00 am, because she did not wear the SmartWatch until after her shower. There was a regular pattern of activity preceding noon corresponding to when the ALF served lunch. After lunch, the dyad took a 30‐minute walk before returning to their apartment. From 2:00 to 4:00 pm, the subject showed the greatest degree of PA, corresponding to the dyad doing errands or participating in structured ALF activities. Activity offset usually occurred around 23:00, with minimal activity in the preceding six  hours. Her activity profiles remained similar throughout the 15 month observation period. Overall, this subject\'s activity patterns suggested that on her own, she was likely to remain inactive, and that her activity levels only increased for events such as meals, or through direct encouragement of her caregiver. Because the subject was not wearing the SmartWatch at night, we were unable to detect episodes of nighttime wandering (which occurred more frequently over time).

![15‐month activity rasters and lifespace trajectories for subject 2. Figure organization per Figure [1](#trc212017-fig-0001){ref-type="fig"}](TRC2-6-e12017-g002){#trc212017-fig-0002}

Examination of this subject\'s lifespace (Figure [2B](#trc212017-fig-0002){ref-type="fig"}, binned in 1 month intervals and also affected by the September 2016 Android update) provides further data supporting the caregiver\'s role in shaping subject day‐to‐day experiences. This subject did not drive, so her lifespace depended upon her caregiver. During August 2016 she displayed a varied lifespace (Table [1](#trc212017-tbl-0001){ref-type="table"}). However, lifespaces for September 2016 through March 2017 were more constricted (Table [1](#trc212017-tbl-0001){ref-type="table"}). The caregiver attributed much of this decrease in monthly lifespace to the onset of colder weather, and a lack of routine planned activities occurring outside the ALF. Fewer trips outside of the ALF during this period translated into fewer opportunities to reinforce daily living skills. The caregiver recognized that his wife could benefit from increased socialization, and thus moved to a different ALF in January 2016. This event can be appreciated by the shift in the home base location in the dyad\'s lifespace trajectories. In April 2017 our team advised the caregiver to increase his wife\'s monthly lifespace. He followed this suggestion, with larger lifespaces observed in April through October 2017 (Table [1](#trc212017-tbl-0001){ref-type="table"}). QDRS assessment April 2017 revealed a score of 18 (10 cognitive, 8 behavioral, both a significant increase from her enrollment status).

Ultimately, with the subject\'s worsening urinary and bowel incontinence, the caregiver elected to transfer his wife to the dementia unit within their ALF in January 2018.

4. DISCUSSION {#trc212017-sec-0130}
=============

This study shows how massive data sets collected for a single subject may be leveraged for clinical trials, especially single subject clinical trials. In traditional clinical trials, investigators ensure trial reproducibility by evaluating outcomes in large subject cohorts such that statistical power (both α and β) is achieved at a given detection threshold.[^51^](#trc212017-bib-0051){ref-type="ref"}, [^52^](#trc212017-bib-0052){ref-type="ref"} However, clinical trial per‐subject enrollment costs are often the limiting factor driving trial recruitment[^53^](#trc212017-bib-0053){ref-type="ref"}, [^54^](#trc212017-bib-0054){ref-type="ref"} leading to underpowered studies unable to demonstrate differences between treatment groups. In the complex setting of dementia care, we argue there is benefit to obtaining frequent repeated measures from a single subject to support robust intra‐subject comparisons. Despite expected individual variability in daily, weekly, or monthly activity, and lifespace, these large data sets (Figures [1](#trc212017-fig-0001){ref-type="fig"} and [2](#trc212017-fig-0002){ref-type="fig"}) accurately depict subject activity and lifespace baselines while providing the boundaries of expected variation. Furthermore, individual differences are clearly appreciated, thus allowing for group comparisons or within‐individual longitudinal comparisons.

Functional monitoring can both improve the rigor and reproducibility of many outcomes currently used in studies of dementia, as well as open the possibilities for novel outcomes that will extend our knowledge of how PWD interact with their caregivers. This will further guide interventions designed to prevent functional loss. At first iteration, functional monitoring provides highly rigorous and robust measures of overall PA and lifespace, two important aspects of function that are challenging to collect in the field.[^55^](#trc212017-bib-0055){ref-type="ref"}, [^56^](#trc212017-bib-0056){ref-type="ref"}, [^57^](#trc212017-bib-0057){ref-type="ref"} These measures do not depend on individual or caregiver recall[^58^](#trc212017-bib-0058){ref-type="ref"}, [^59^](#trc212017-bib-0059){ref-type="ref"} and further represent subject performance over extended durations of time. Future studies may consider integrating results of these measurements with traditional genetic and neuroimaging data to test novel hypotheses regarding how specific genetic loci or neuroanatomical changes lead to loss of PA/lifespace. This technology may also lower the cost for larger scale studies of circadian behaviors in PWDs.

Functional monitoring technologies will also facilitate novel studies examining interactions between caregivers and PWDs in greater detail than currently possible. It is well established that caregivers play a critical role in ensuring PWD care and quality of life.[^60^](#trc212017-bib-0060){ref-type="ref"}, [^61^](#trc212017-bib-0061){ref-type="ref"}, [^62^](#trc212017-bib-0062){ref-type="ref"} However, most ethologic studies of caregiving rely on subject‐provided outcome measures[^63^](#trc212017-bib-0063){ref-type="ref"}, [^64^](#trc212017-bib-0064){ref-type="ref"} and are thus subject to observational biases. Functional monitoring technology provides a minimally invasive manner for probing dyad interrelationships, quantifying established PWD routines (as shown in this work), quantifying times in which caregiver and PWD are in close proximity, and examining how lifespace factors (access to nearby entertainment, shopping, health care centers, for example) facilitate or inhibit PWD use of community resources.

Most intriguingly, functional monitoring approaches may identify PWDs at immediate risk for upcoming functional loss. Functional status trajectories have been best modeled as nonlinear systems.[^65^](#trc212017-bib-0065){ref-type="ref"}, [^66^](#trc212017-bib-0066){ref-type="ref"}, [^67^](#trc212017-bib-0067){ref-type="ref"} These models are highly similar to those of climate change, desertification, and similar ecological events in which investigators have successfully identified potential system "tipping points."[^68^](#trc212017-bib-0068){ref-type="ref"}, [^69^](#trc212017-bib-0069){ref-type="ref"}, [^70^](#trc212017-bib-0070){ref-type="ref"} Tipping points, which are regions of state space in which a system may transition between two stable states, may be identified by examining time series features, including autocorrelation, variance, return time, and skewness.[^71^](#trc212017-bib-0071){ref-type="ref"} Time series data such as that presented here will thus be critical for resilience mapping of individual functional status,[^72^](#trc212017-bib-0072){ref-type="ref"} as well as identification of impending "tipping points" in functional status.[^73^](#trc212017-bib-0073){ref-type="ref"}, [^74^](#trc212017-bib-0074){ref-type="ref"} As each PWD is his/her own control, these tipping points represent situations in which the PWD may be at high risk of impending, and possibly irreversible, functional loss.

We stress the potential utility of such connected data both clinically and in research trials to (1) provide an objective summary picture of the often unwitnessed co‐functioning of care dyads, (2) to allow for inference into unmet needs of the dyad, and (3) to monitor response to clinical or educational interventions. For example, data presented in this article strongly suggest that caregiver activity has the potential to significantly affect PWD activity (Figures [1](#trc212017-fig-0001){ref-type="fig"} and [2](#trc212017-fig-0002){ref-type="fig"}). Future studies examining activity of PWD in response to specific interventions thus need to take caregiver activity into account. Various means of adjusting PWD activity for caregiver activity might be considered, including differentiating PWD activity by proximity to caregiver; developing algorithms to identify stereotypic, repetitive behaviors in PWD PA data; and examining the probability of PWD PA as a function of caregiver activity through t‐patterns,[^75^](#trc212017-bib-0075){ref-type="ref"} among others.

The first dyad in this study lived a more structured and active day‐to‐day life than the second dyad. While both subjects are similarly apathetic and subject 1 more severely impaired, the caregiver of subject 1 maintained higher monthly step counts and more extensive lifespace for his care recipient than the caregiver of subject 2. This illustrates how much caregivers can shape their care recipients' lives, and conversely how much PWD rely on their caregiver\'s motivation or capabilities. Well maintained lifespaces suggest that the PWD regularly participates in the ADLs required for leaving the home (eg, toileting, dressing). This participation reinforces the motor/habitual memory systems that are relatively intact in AD[^76^](#trc212017-bib-0076){ref-type="ref"} as well as providing opportunities for regular PA. This research shows the meaningfulness of a holistic approach toward the care dyad[^77^](#trc212017-bib-0077){ref-type="ref"} because a PWD\'s activities and health status are highly connected with the caregiver\'s actions (and vice versa).

There are limitations to these FM methods that could be remedied with future technology. The device needed to be charged at night leading to a loss of nighttime wakening information. There is also a dependence on the telecommunications service provider with possible lapse of service and loss of data. The present system was also not designed to provide real time monitoring or detect acute events such as falls. Our approach is currently insensitive to development of other important clinical features, such as incontinence. These limitations could be addressed in future studies by incorporating complementary approaches to acquire functional status data. For example, in home mobility data could be also obtained by a network of independently powered in‐home sensors (eg, motion and magnetic contact sensors). Investigators in the ORCATECH group have successfully used this approach to obtain continuous and unobtrusive monitoring of gait, mobility, and night‐time activity within the home.[^78^](#trc212017-bib-0078){ref-type="ref"}, [^79^](#trc212017-bib-0079){ref-type="ref"}, [^80^](#trc212017-bib-0080){ref-type="ref"}, [^81^](#trc212017-bib-0081){ref-type="ref"} Similarly, sensors for moisture[^82^](#trc212017-bib-0082){ref-type="ref"}, [^83^](#trc212017-bib-0083){ref-type="ref"} and pressure[^84^](#trc212017-bib-0084){ref-type="ref"}, [^85^](#trc212017-bib-0085){ref-type="ref"}, [^86^](#trc212017-bib-0086){ref-type="ref"} could be integrated into these kinds of systems to assess incontinence and sleep quality. Continued advances in telecommunication technologies, particularly regarding increased battery life and "on‐the‐fly'' charging, will make sensor‐based data collection approaches even more reliable and robust.[^87^](#trc212017-bib-0087){ref-type="ref"} Additional user‐guided design changes (making the strap more difficult for demented persons to remove, etc) will also improve both data collection adherence as well as user experience. Despite current limitations, FM provides a novel view into the daily lives of the dyad that is inexpensive and currently feasible to obtain.

Recommendations for future research include (1) overlaying Geographic Information Systems (GIS) information onto GPS coordinates to infer the nature of a given trip (medical appointments vs leisure time/shopping, etc); (2) normalizing lifespace to clinically relevant environmental features such as neighborhood economic and educational status, and degree of built infrastructure; (3) performing concurrent measurement of caregiver and PWD daily life activities (to distinguish joined/shared vs separate activities); (4) using activity patterns to develop evidence based support strategies for caregiver and care‐recipient health; and (5) adapting currently available early warning detection algorithms to identify tipping points for early intervention.

In summary, policymakers and health professionals agree that caregivers constitute a vital labor force whose work critically shapes care outcomes and may either delay or prevent long‐term institutionalization of PWDs.[^88^](#trc212017-bib-0088){ref-type="ref"} Understanding caregiver burden and/or uncovered needs to avoid burnout or withdrawal from the caregiving role remains a critical task.[^89^](#trc212017-bib-0089){ref-type="ref"}, [^90^](#trc212017-bib-0090){ref-type="ref"} Care dyad function and dysfunction over daily, monthly, and often annual time windows has been very difficult information to collect. Our connected caregiving data enabled us to explore the home "black box" to promote data driven N‐of‐1 clinical trials with patient‐centered interventions and ultimately support PWD and their caregivers.
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